INTRODUCTION {#s1}
============

Most clinically manifest cancers have accumulated several genetic and epigenetic changes, which confer them a growth advantage over their neighboring cells ([@b19]). These changes elicit innate and adaptive immune responses both in patients and in murine and other vertebrate models ([@b11]; [@b19]). Both types of responses have the potential to aid in immunosurveillance, which limits cancerous growth and may even eliminate transformed cells. Conversely immune responses may contribute to tumor progression by selecting more invasive forms of transformed cells in a process called immunoediting ([@b46]). Human tumors and anti-tumor responses are usually studied at a late stage of tumor progression when they have accumulated several mutations and clinical symptoms have become manifest. To get access to earlier events, animal models have become increasingly important. In addition to mice these include the fruitfly *Drosophila melanogaster*, where similarities between anti-tumor and wound responses were noted and zebrafish, where neutrophil and macrophage invasion was observed at an early stage of tumor progression providing further evidence for parallels between early tumor stages and wound inflammation ([@b11]; [@b38]). Despite obvious physiological differences, mutations in *Drosophila* tumor suppressor genes and oncogenes can lead to tissue overgrowth and invasive behavior of transformed tissue in fly larvae and adults ([@b13]; [@b15]). Both cell-autonomous as well non-autonomous mechanisms have been shown to restrict tumor growth ([@b5]; [@b6]; [@b21]; reviewed by [@b32]). Our goal was to systematically study how the immune system reacts against an early stage of tumor progression, namely when the first mutations that lead to uncontrolled growth arise using *Drosophila* as a model.

Most immune responses in the fly involve a close collaboration between several immune tissues. Major immune effectors in insects comprise hemolymph-associated cells (hemocytes), the epithelial tissues, the gut and the fat body, which -- analogous to the liver -- secretes both inducible proteins and proteins that are constitutively secreted. Effector mechanisms include the release of antimicrobial molecules, phagocytosis, the clotting system, the encapsulation of larger objects, the formation of nodules, which sequester smaller intruders and the activation of the melanization cascade ([@b7]; [@b25]; [@b29]; [@b49]). Encapsulation and nodulation can be considered functional equivalents of the formation of granulomas in mammals. In *Drosophila*, three classes of hemocytes, namely plasmatocytes, crystal cells and lamellocytes, participate to varying degrees in these immune reactions; all three classes of cells are involved during encapsulation ([@b60]). Plasmatocytes are phagocytic but also release effector molecules for example during clotting and at an early stage of capsule formation ([@b49]; [@b60]). Crystal cells contain prophenoloxidase, the precursor for one of the key enzymes required during melanization and are important for capsule formation ([@b10]). Finally, lamellocytes, which are rare in naive animals differentiate upon parasitization by wasps and are required to ensure complete encapsulation of the wasp eggs ([@b31]; [@b60]).

Much less is known about the contribution of these effector mechanisms to the response against aberrant tissues and whether *Drosophila* uses internal cues, which indicate damage or danger to elicit immune responses. It has been suggested that the response against aberrant cells has similarities with a response against tissue damage including usage of same cues for its activation ([@b11]; [@b38]). Melanization as a response against aberrant tissues may occur although it is often unclear whether the reaction is induced by tumorous growth or more general changes to tissue integrity. Therefore the resulting phenotype is often described as melanotic pseudotumor ([@b33]; [@b58]). In a recent study an innate immune response against aberrant cells induced by epidermal DNA damage was analyzed. The response was shown to comprise dose-dependent melanization, an increase in hemocyte numbers and activation of JAK/STAT signaling. Subtle interactions between immunity and growth and metabolic activities were identified ([@b24]) in line with an increasing appreciation of the complex interactions between insect immunity and physiology ([@b40]).

Here we asked whether an immune response could be induced experimentally by expression of an oncogene in non-immune tissues. For this we expressed dominant-active Ras (Ras^V12^) in the wing discs and the salivary glands. Ras is a suitable candidate since it is mutated in a large fraction of human tumors ([@b32]). Expression of Ras^V12^ has previously been shown to induce hyperplastic growth in *Drosophila* (summarized by [@b32]). Although this is different from the highly mutated genotype of fully developed tumors, activation of Ras thus represents an early stage of tumor development. We observed the strongest effects in Ras^V12^-expressing salivary glands, where an infiltration of hemocytes takes place. Although to a varying degree, two major hallmarks of a classical encapsulation reaction are observed namely plasmatocyte spreading and lamellocyte adherence. Whole transcriptome analysis of the fat body in Ras^V12^-expressing and normal larvae confirms that a *bona fide* humoral immune response was induced. The transcriptional profile of the induced genes shows both immune signatures and unique features. Finally we provide evidence for a function of one of the induced genes in the tissue damage we observe after expression of Ras^V12^.

RESULTS {#s2}
=======

A *Drosophila* model for tissue overgrowth {#s2a}
------------------------------------------

To induce overgrowth in non-immune tissues we used a dominant active form of the *Ras* oncogene (*Ras85D^V12^*) in combination with the *Beadex*-Gal4 driver, which is expressed in wing imaginal discs and in the salivary glands where expression of Ras^V12^ leads to a developmental delay and overgrowth and inhibits autophagy ([@b2]; see [supplementary material Fig. S1](http://bio.biologists.org/lookup/suppl/doi:10.1242/bio.20146494/-/DC1) for the *Bx* expression pattern).

In line with previous results ([@b5]; [@b23]; [@b35]) Ras^V12^ overexpression led to an increase in the size of both wing imaginal discs but also the salivary glands in larvae ([Fig. 1A](#f01){ref-type="fig"}) and to pupal lethality. Dead pupae also showed signs of melanization focused around two areas in the dorsal part. By inhibiting GAL4 activity with GAL80^ts^ pupal lethality was rescued in a temperature-dependent manner. Larvae raised at 18°C pupated and eclosed with wild-type wings while crosses shifted to 25°C gave rise to flies with strongly melanized wings ([Fig. 1B](#f01){ref-type="fig"}, second right). Raising crosses at 29°C where the Gal80 inhibitor is inactive reestablished pupal lethality as observed for the cross without GAL80^ts^. This includes the appearance of two melanotic spots in the anterior part ([Fig. 1B](#f01){ref-type="fig"}, right part).

![Phenotypes of Ras^V12^ transformed *Drosophila* lines.\
(A) Increased size of wing discs and salivary glands in Ras^V12^-expressing larvae. Wing disc and salivary gland size was determined in the indicated genotypes using ImageJ. Both Ras^V12^ wing discs and salivary glands (grey bar) are significantly larger than parental controls (white bars) (at p = 2.97 E−07 (Bx-Gal) and 0.007 (UAS-Ras^V12^), respectively, for the wing discs and 2.53 E−18 and 1.14 E−17, respectively, for the salivary glands). (B) Melanization in flies and larvae expressing Ras^V12^. Left: wild-type fly (w^1118^). Right: Bx-GAL4;tub-GAL80^ts^/UAS-Ras^V12^ flies at 18°C, 23°C and pupa at 29°C (note the melanotic spot in the pupa indicated by an arrow). Scale bar: 1 mm.](bio-03-04-250-f01){#f01}

Ras^V12^-expressing salivary glands express metalloproteinases and damage-associated signals {#s2b}
--------------------------------------------------------------------------------------------

Similar to other *Drosophila* tumor models we found that *Ras*-expressing glands produce matrix metalloproteinases (matrix metalloproteinase 1: MMP1; [Fig. 2A](#f02){ref-type="fig"}), while imaginal discs from the same animals showed very little if any signs of expressing MMP1 ([supplementary material Fig. S2A](http://bio.biologists.org/lookup/suppl/doi:10.1242/bio.20146494/-/DC1)). Upon tracing with a Collagen IV--GFP fusion protein (Vkg::GFP), the integrity of the basement membrane in Ras^V12^-expressing salivary glands was more severely affected than in either discs from the same animals or control organs from normal larvae. In Ras-expressing discs, the basement membrane still formed a continuous structure, while in the glands rupture of the basement membrane occurred ([Fig. 2A](#f02){ref-type="fig"}; [supplementary material Fig. S2A](http://bio.biologists.org/lookup/suppl/doi:10.1242/bio.20146494/-/DC1); Vkg::GFP). Consistent with a disruption of the basement membrane and the MMP1-activation in Bx-GAL4\>UAS-Ras^V12^-larvae, GFP-positive tissue fragments are observed in the hemolymph, when GFP is co-expressed with Ras^V12^ ([Fig. 2B](#f02){ref-type="fig"}). Dissemination of Ras^V12^-expressing fragments has previously been shown to depend on the expression of MMP1 and is regulated through the JNK pathway ([@b1]; [@b36]; [@b38]; [@b48]; [@b53]). Altogether, Ras^V12^ expression in the salivary glands thus has the potential to induce an immune response since the tissue is accessible to immune effectors. We therefore focused our further analysis on this organ addressing particularly the question whether the glands undergo any changes that render them recognizable as foreign.

![Salivary glands from *Ras^V12^*-expressing larvae produce MMP1, release tissue fragments into the hemolymph and express apoptotic markers.\
Salivary glands (A) from control crosses (Bx-GAL4;+/+: Ctrl) and Ras-expressing larvae (Bx\>Ras, labeled Ras^V12^ in the figure) are shown in phase contrast, after nuclear staining (DAPI), in the green channel showing expression of a Viking--GFP fusion protein (Vkg::GFP) and after staining with an MMP1-specific antibody. (B) Tumor tissue in the hemolymph of *Ras^V12^*-expressing larvae. GFP-positive fragments (such as the one indicated by the arrow) are found in the hemolymph of Bx-GAL4;UAS-GFP.nls/UAS-Ras^V12^ larvae. The border of the larva is outlined with a dashed line. The figure to the right shows the whole larva. (C) Phosphatidylserine (PS) is detected with fluorophor-conjugated Annexin 5 (left) on Ras^V12^-expressing glands (Bx-GAL4\>UAS-*Ras^V12^*) but not in control glands (Bx-GAL4;+/+, the borders of the glands are outlined with a dashed line, note the fat body is positive in both cases). (D) Active caspases stained with FLICA are detected in a Ras^V12^ salivary gland but not in the control. Bright field and epifluorescence image are shown in all cases. Scale bars: 100 µm.](bio-03-04-250-f02){#f02}

To characterize the changes upon Ras^V12^ expression in salivary glands, we tested for the presence of two apoptotic markers (phosphatidylserine exposure and caspase activity) both of which were detected in Ras^V12^-expressing glands and not in control glands ([Fig. 2C,D](#f02){ref-type="fig"}). In addition nuclear fragmentation, another hallmark of apoptosis was observed in Ras^V12^-expressing glands ([Fig. 2A](#f02){ref-type="fig"}, DAPI staining; [supplementary material Fig. S3](http://bio.biologists.org/lookup/suppl/doi:10.1242/bio.20146494/-/DC1)). Both the detection of caspase activity and nuclear fragmentation confirm earlier results obtained after *forkhead*-dependent Ras^V12^ expression in salivary glands ([@b2]). Taken together this means that Ras^V12^ salivary glands express at least one damage-associated marker namely phosphatidylserine, which has the potential to elicit an immune response ([@b12]; [@b52]). We will in the following refer to the phenotype observed in these glands as "Ras^V12^-induced overgrowth".

The cellular response against Ras^V12^-expressing salivary glands {#s2c}
-----------------------------------------------------------------

Since MMP expression has been shown to correlate with hemocyte recruitment to aberrant tissues in somatic recombination models ([@b38]), we asked whether the same occurs in Ras^V12^-expressing salivary glands. For hemocyte detection we used a Hemese-specific antibody ([@b26]), which has previously been found suitable to characterize melanotic pseudotumor mutants ([@b33]). Indeed, albeit to a variable extent we detected infiltration of hemocytes in all Ras^V12^-glands and not in control glands ([Fig. 3A](#f03){ref-type="fig"}). This shows that a cellular immune reaction against overgrowth had been initiated. In contrast, despite the fact that Ras^V12^-expressing imaginal discs also contained attached hemocytes we were unable to detect any significant differences compared to control discs, which showed comparable hemocyte counts ([supplementary material Fig. S2B](http://bio.biologists.org/lookup/suppl/doi:10.1242/bio.20146494/-/DC1)). Hemocytes had also started to spread around Ras^V12^ salivary gland cells ([Fig. 3B](#f03){ref-type="fig"}) reminiscent of what occurs during encapsulation of wasp eggs ([@b60]). In addition we found crystal cells attaching to Ras^V12^-expressing glands ([Fig. 3C](#f03){ref-type="fig"}, left). Of note, despite the presence of crystal cells larval glands lacked any signs of melanization although this was subsequently observed in pupae ([Fig. 1B](#f01){ref-type="fig"}). Finally, we also detected lamellocytes on both Ras^V12^ salivary glands and on the fat body of *spag* mutant larvae, which were included as a positive control for a melanotic pseudotumor ([Fig. 3C](#f03){ref-type="fig"}, right). Despite the fact that hemocytes had been recruited to Ras^V12^-expressing glands, total hemocyte counts did not differ compared to control larvae ([supplementary material Fig. S4](http://bio.biologists.org/lookup/suppl/doi:10.1242/bio.20146494/-/DC1)). Taken together these results show that the cellular response against aberrant salivary glands shares several similarities with the granuloma-like encapsulation reaction.

![Ras^V12^-expressing salivary glands are infiltrated by hemocytes.\
(A) Overview of glands from *Ras^V12^* and control larvae. GFP-expressing control glands and Ras^V12^-expressing glands (the left part shows the GFP signal) labeled with a hemocyte-specific antibody (anti-Hemese, right panel, some hemocytes are indicated by arrows). (B) Hemocytes (arrows) spread around *Ras^V12^* gland cells. A detailed view of a Ras^V12^-expressing gland such as in panel A is shown. (C) Crystal cells and lamellocytes attach to Ras^V12^-expressing glands. Left part: glands (SG) from a control cross (Bx-GAL4;+/+) and Ras^V12^-expressing glands were labeled with a prophenoloxidase-specific antibody and visualized using epifluorescence. Right part: lamellocytes (L2) were visualized using a specific antibody ([@b27]) in Ras^V12^-expressing glands (left) and the fat body (FB) of an autoimmune mutant, which was used as a positive control (*spaghetti*, *spag^k12101^*). Scale bars: 100 µm (A), 20 µm (B), 50 µm (C).](bio-03-04-250-f03){#f03}

The humoral response against Ras^V12^-expressing cells {#s2d}
------------------------------------------------------

To find out whether the cellular response against Ras^V12^-induced overgrowth is accompanied by a humoral response, we examined the proteome and transcriptome of fat bodies from Ras^V12^-expressing and control larvae. At the protein level no differences in protein production were observed ([supplementary material Fig. S5](http://bio.biologists.org/lookup/suppl/doi:10.1242/bio.20146494/-/DC1)). For a comprehensive transcriptome analysis, fat bodies were dissected in triplicates from Ras^V12^-expressing and normal wandering third instar larvae and the expression pattern compared. [Fig. 4A](#f04){ref-type="fig"} shows genes that differ more than twofold and at q\<0.05. Altogether we identified 63 genes that were differentially regulated including many known immune genes. We also observed that the transcriptional profiles of control samples were more consistent than those of fat bodies from Ras^V12^-expressing larvae although both sets had been prepared from identical developmental time points. This is in line with the previously observed variability of the pseudotumorous phenotype ([@b56]; [@b57]). To more comprehensively cover genes that were induced in Ras-expressing animals, we also analyzed genes that differed more than two fold at p\<0.05 compared to wild-type larvae. This less stringent analysis identified 438 genes ([supplementary material Table S1](http://bio.biologists.org/lookup/suppl/doi:10.1242/bio.20146494/-/DC1)). In both lists, the genes that were differentially regulated showed substantial overlap with previously characterized immune responses after infection with common Gram negative (G−) and Gram positive (G+) bacteria ([@b22]; [@b55]) and wasps ([@b28]; [@b45]; [@b59]) and contained many known immune effectors and regulators ([Fig. 4A,B](#f04){ref-type="fig"}; [supplementary material Table S1](http://bio.biologists.org/lookup/suppl/doi:10.1242/bio.20146494/-/DC1)). Among these, known antimicrobial peptides (AMPs) such as Cecropins and Attacins as well as a previously described class of immune-induced peptides of unknown function (immune-induced molecules, IMs, ([@b54])) were highly represented ([Fig. 4A](#f04){ref-type="fig"}; [supplementary material Table S1](http://bio.biologists.org/lookup/suppl/doi:10.1242/bio.20146494/-/DC1)). In addition four recognition proteins were up-regulated including two PGRPs (PGRP-SB1 and PGRP-SD; [Fig. 4A](#f04){ref-type="fig"}) and two CD36-like scavenger receptors (Santa-maria and CG7227 ([@b34]); [supplementary material Tables S1 and S2](http://bio.biologists.org/lookup/suppl/doi:10.1242/bio.20146494/-/DC1)). Modular Enrichment Analysis confirmed that Ras-induced genes belonged primarily to immune-related GO categories ([Fig. 4B](#f04){ref-type="fig"}; [supplementary material Table S2](http://bio.biologists.org/lookup/suppl/doi:10.1242/bio.20146494/-/DC1)). In addition to known immune genes, a significant fraction is specifically induced in the presence of Ras^V12^-expressing tissues (394, genes in the Venn diagram; [supplementary material Fig. S6](http://bio.biologists.org/lookup/suppl/doi:10.1242/bio.20146494/-/DC1)), including genes with a function during spermatogenesis and development, as well as genes of unknown function.

![Induction of a systemic immune response in Ras^V12^-expressing larvae.\
(A) List of genes that are significantly induced (at q\<0.05 and induction level \>10) in the *Ras^V12^*-expressing glands (40 larvae were used for each replicate). (B) The fat body transcription profile of *Ras^V12^*-expressing larvae shows the hallmarks of an immune response GO classification of genes that are differentially expressed after Ras expression was performed using DAVID (see [Materials and Methods](#s4){ref-type="sec"} for details). The most significant classifications are indicated (see [supplementary material Table S2](http://bio.biologists.org/lookup/suppl/doi:10.1242/bio.20146494/-/DC1) for a more extensive list of annotations. (C) Induction kinetics of selected immune genes in Ras^V12^-expressing larvae. Individual analysis of a Toll-regulated (Drosomycin) and two preferentially imd-dependent genes (Cecropin A1 and PGRP-SB1) confirms their differential regulation and reveals a complex pattern during the course of the 3^rd^ instar. The ratio of expression between *Ras^V12^*-expressing and control larvae was determined at the indicated time points after hatching. (Significance levels are: for CecA1: 0.0831; 0.0013; 0.0403 for Drs: 0.0015; 0.0035; 2.15 E−6; 0.0374; 0.0001; 0.0097; 0.0015 and for PRGP-SB1: 0.0151; 0.0167; 0.0321; 0.0436, Student T-test; unpaired, equal variance.)](bio-03-04-250-f04){#f04}

Differential expression in Ras^V12^-expressing larvae was confirmed for three immune genes using qPCR of RNA from the last larval instar. We tested two highly induced AMPs (Cecropin A1 and Drosomycin), which are regulated by both the imd and Toll pathways and a recognition molecule (PRGP-SB1), which is primarily induced via the imd pathway ([@b8]). To obtain more refined insight into the kinetics of the response against transformed tissue RNA was collected at 6 hour intervals ([Fig. 4C](#f04){ref-type="fig"}). The pattern of induction along the complete third larval instar confirms the heterogeneity we had previously observed (see above) indicating that the sequencing data covered different time points from the kinetics. The most significant differences in the kinetics study were observed between 69--75 hours after egg-laying. Both AMPs (CecA1 and Drs) as well as PGRP-SB1 were induced at this time. The AMPs showed a second increase in expression between 87--93 hours indicating that the response might comprise more than one phase. Taken the genome-wide transcriptome study and the qPCR results together, we conclude that both imd- and Toll-dependent genes are induced. To test the possibility of external infections as a source of immune-induction, we included GFP-expressing entomopathogenic bacteria (*Photorhabdus luminescens*) when raising Ras^V12^-expressing larvae. We observed neither an increase in mortality nor any signs of septicemia indicating that the bacteria had not gained access to the hemolymph. Instead, GFP-expressing *Photorhabdus* appeared to be cleared from the gut within 24 hours ([supplementary material Fig. S7](http://bio.biologists.org/lookup/suppl/doi:10.1242/bio.20146494/-/DC1)). To address whether small immune elicitors could pass the salivary glands into the hemolymph we employed an assay established for adult flies ([@b42]). Larvae were fed on Brilliant blue FCF supplemented fly food, which can be followed in vivo and found Ras^V12^-glands to be free of leakages ([supplementary material Fig. S8](http://bio.biologists.org/lookup/suppl/doi:10.1242/bio.20146494/-/DC1)). Finally we grew Ras^V12^-expressing larvae on food containing antibiotics and found that the induction levels of Drs as a proxy for Toll-activation did not differ from untreated samples although bacteria had been successfully eliminated ([supplementary material Fig. S9](http://bio.biologists.org/lookup/suppl/doi:10.1242/bio.20146494/-/DC1)). Even the melanotic spots in Ras-expressing larvae were still visible after depletion of bacteria. Taken together this shows that in all likelihood the transcriptional profile reflects a genuine response towards the transformed tissue. It appears that at the humoral level the response against Ras^V12^-induced overgrowth bears hallmarks of both an immune response and responses that are involved in developmental processes. Manual inspection of the genes of unknown function that were induced in Ras^V12^-expressing larvae, showed that a large fraction of them are induced during normal development in the fat body of either white prepupae, late pupae or both. Several immune genes (Dro5, Cecropins A1, A2 and C and PGRP-SD) show a similar increase in constitutive expression during pupal stages in wild-type animals. Altogether the fat body response in Ras^V12^-expressing larvae shows a highly significant enrichment for immune-related genes. In addition, a large number of genes are specifically induced in response to the Ras-expressing tissues providing a rich source for further functional characterization.

The phenotype of Ras^V12^-expressing glands is modified in *santa-maria* mutant backgrounds {#s2e}
-------------------------------------------------------------------------------------------

As a test for functional importance in our *Ras* model, we decided to study one of the genes, which lacked strong support for an immune function. The scavenger receptors of the CD36 class appeared to be likely candidates for regulating the response, in particular, because we had observed that phosphatidylserine, which is a common ligand for CD36 members, is expressed in Ras^V12^ glands. Viable mutants in the CD36 member *santa-maria* were combined with Ras^V12^-expression asking whether this modified the phenotype of Ras^V12^-expressing larvae. In addition Santa-maria had been found induced after wasp infestation, a response that according to the data shown above appeared akin to the response against Ras-expressing glands. Supporting a positive regulatory function for Santa-maria during Ras^V12^-induced overgrowth, *santa-maria* homozygous larvae showed a partial rescue of the phenotype after Ras^V12^-expression, including the aberrant histology of the glands and the mortality ([Fig. 5](#f05){ref-type="fig"}). Conversely larvae where Santa-maria was overexpressed using heat-shock drivers along with expression of Ras^V12^ at 29°C, showed melanization of salivary glands in about 4% of cases in contrast to larvae that expressed Ras^V12^ alone at the same temperature and which did not show any signs of melanization ([Fig. 5C](#f05){ref-type="fig"}). The fraction of melanized glands was slightly although not significantly increased after heat-shock at 37°C. In contrast to its frequency, melanization was more extensive at 37°C (representative samples are shown in [Fig. 5D](#f05){ref-type="fig"}). Taken together this indicates that *santa-maria* acts as a modifier of Ras^V12^-induced tissue abnormalities in different genetic backgrounds (overexpression versus homozygous and transheterozygous lines) and that this affects the survival of mutant larvae. Altogether this provides general proof-of-principle that the genes we identified as part of the response towards aberrant tissues can be studied at the functional level and that Santa-maria in particular acts as a positive regulator of the phenotypes we observe upon Ras^V12^-expression.

![Santa-maria modifies the phenotype of Ras^V12^-expressing larvae.\
(A) Increased survival rate of Ras^V12^-expressing larvae in a *santa-maria* mutant background. The percentage of eclosed flies at 25°C is shown for the indicated genotypes. (B) Partial restoration of normal histology of *Ras^V12^* salivary glands in a *santa-maria* mutant background. The hemocytes are labeled with the Hemese antibody and nuclei are stained with DAPI. Ras^V12^-expressing glands were combined with the mutant background at either 25°C or 29°C (note the more regular pattern of DAPI staining in the mutant background, which was observed in about 1/3^rd^ of the glands, shown in the right part but not in others shown in the left part). (C) Overexpression of Santa-maria leads to melanization of Ras^V12^-expressing salivary glands at the larval stage. The rate of melanized glands is shown for the indicated genotypes. The difference between Ras^V12^-expressing larvae before and after overexpression of Santa-maria is 0.005 and 0.008 for 37°C and 29°C, respectively. (D) Induction of melanization in Ras^V12^-expressing larvae after induction of Santa-maria using heat shock (BxGal4/+;;hs-santa-maria/UAS-Ras85D^V12^) at 29°C or after heat shock (37°C), representative melanized salivary glands are shown in transmission light and after staining with anti-Hemese to reveal plasmatocytes and DAPI for nuclear staining. Scale bars: 200 µm.](bio-03-04-250-f05){#f05}

DISCUSSION {#s3}
==========

The aim of this work was to experimentally induce an early stage of tumor development in vivo and study the ensuing immune response. For this, we expressed a dominant-active form of *Ras^V12^* in imaginal discs and salivary glands. Against our initial expectation, although imaginal disc cells are proliferative and therefore expected to be more susceptible to expression of an oncogene than polytenic salivary gland cells, we observed the strongest effects in the glands, which grew larger, expressed apoptotic markers and metalloproteinases. Similar to our findings, induction of metalloproteinases and dissemination of hindgut cells has also been observed after expression of Ras^V12^, which synergizes with an inflammation-like response ([@b1]). In our hands, the changes at the cellular level correlated with the strength of the cellular response, which was directed mostly against the glands. Despite the lack of a response towards larval wing discs some effects were observed on wings in adult flies, which displayed melanotic spots. We hypothesize that due to the lack of metalloproteinases ([Fig. 2](#f02){ref-type="fig"}; [supplementary material Fig. S2](http://bio.biologists.org/lookup/suppl/doi:10.1242/bio.20146494/-/DC1)), any changes in transformed imaginal disc cells are not accessible to the immune system. In contrast, during disc eversion in the pupae, expression of metalloproteinases and the resulting degradation of the basement membrane ([@b37]; [@b48]) may render the same cells accessible to effector mechanisms such as melanization. This is different in Ras^V12^-expressing salivary glands, which overgrow, express apoptotic markers and metalloproteinases already during the last larval instar. In addition by expressing phosphatidylserine ([Fig. 3C](#f03){ref-type="fig"}), the glands have the potential to induce melanization ([@b4]). Supporting a dual requirement for (i) damage-associated patterns such as phosphatidylserine and (ii) accessibility of those signals for immune cells, we could not observe any signs of melanization when apoptosis was induced by overexpression of either Grim or Hid with the Beadex driver or disc-specific drivers ([supplementary material Table S3](http://bio.biologists.org/lookup/suppl/doi:10.1242/bio.20146494/-/DC1)). Only hemocyte-specific expression or heat shock-activation of apoptotic inducers, which also affects hemocytes led to melanization, in line with our own previous observations ([@b3]; [@b4]). Taken together, the expression of Ras^V12^ leads to changes in the salivary glands, which are shared with tumor cells and have the potential to induce an immune response. These changes may be due to the early onset of Beadex expression during development ([@b17]) or to the fact that expression of Ras leads to continued growth of salivary gland cells at a stage when they normally activate autophagy as shown before ([@b2]). Supporting a role for the early onset of Beadex expression, we did not observe similar changes in salivary glands when using a strong driver that is regulated by ecdysone and expressed only at the last larval stage (salivary gland secretion 3, SGS3).

We observe a robust cellular response towards overgrowing salivary glands that express Ras^V12^ and are regulated by Bx. At the cellular level, this response shows similarities to an encapsulation of foreign tissues such as wasp eggs: (1) initially plasmatocytes are attracted, which attach to the aberrant tissue and spread around it ([Fig. 3](#f03){ref-type="fig"}); (2) the presence of overgrowing cells induces the differentiation of lamellocytes and recruitment of crystal cells, which attach to the glands ([Fig. 3C](#f03){ref-type="fig"}). The transcriptional profile of induced genes in the fat body of Ras^V12^-expressing larvae also shares some similarities with the pattern found upon wasp parasitization although many bacterially-induced genes were also identified as well as genes involved in developmental processes and potentially in wound healing. In contrast to many mutants that lead to melanotic pseudotumors where it was difficult to decide whether melanization is due to changes in the affected tissue or in immune cells themselves, we are able to ascribe the response we observe to changes in the target (non-immune) tissue. In fact, even hemocyte numbers do not appear to differ between Ras^V12^-expressing and control larvae eliminating hemocyte proliferation as a cause for the reaction we observe against the glands ([supplementary material Fig. S4](http://bio.biologists.org/lookup/suppl/doi:10.1242/bio.20146494/-/DC1)). Taken together this proves that the modification of cells by expression of an oncogene and the immune response against them can be physically separated in fly larvae and establishes a useful model to study this response.

The response in the fat body of Ras^V12^-expressing larvae shows typical signatures of an immune response and is dominated by the expression of peptides with known antimicrobial activity such as Cecropins and Attacin and other previously described immune-induced peptides ([@b54]). We observe strong activation of both the Toll and imd pathways. Induction of Toll-dependent expression is in line with several previous reports on a correlation between activation of melanization and Toll-signaling ([@b16]; [@b30]; [@b44]).

It remains to be studied which of the induced genes are active against the Ras-expressing tissue, but one possibility is that some of the peptides act against aberrant cells as has been hypothesized ([@b41]). For example due to their basic nature antimicrobial peptides may have the potential to specifically bind to phosphatidylserine-positive tumor cells ([@b61]). As mentioned above, we observe that phosphatidylserine is exposed in Ras^V12^-expressing glands similar to other pathological situations ([@b61]) making them a potential target in this scenario. In a similar way CD36-like scavenger receptors, which we found differentially expressed in Ras^V12^-expressing larvae may interact with phosphatidylserine. Using a refined kinetics to study transcription we observe some variability indicating that antimicrobial peptides are not expressed to the same extent during all stages of the response (note the biphasic expression pattern in [Fig. 4](#f04){ref-type="fig"}). Interestingly, we noticed that the majority of the genes with "unknown function" that are induced in the presence of Ras^V12^-expressing glands are also up-regulated in the fat body of wild-type pupae during normal development ([@b17]; FlyBase). This is compatible with the idea that some genes required for tissue reconstruction during metamorphosis are also recruited for the response against Ras^V12^-induced cellular changes.

Both these genes and the immune genes are expected to include interesting candidates for regulators and effectors of the innate response against aberrant cell growth. As a proof-of-principle, we show that a mutation in one of them (*santa-maria*) modulates the cellular phenotype after Ras^V12^-overexpression and reduces lethality. Thus Santa-maria contributes to the aberrant phenotype in Ras^V12^-expressing salivary gland cells although it remains to be determined how this works at the molecular level. Based on previous work ([@b18]), we propose a model where Santa-maria modulates the synthesis of retinoic acid. In this scenario, ectopic expression of Ras^V12^ using Bx activates retinoids similar to a wound model that involves Bx-dependent expression of apoptotic inducers, which leads to a delay in pupariation ([@b18]; [supplementary material Table S3](http://bio.biologists.org/lookup/suppl/doi:10.1242/bio.20146494/-/DC1)). In contrast to apoptotic wounds, though, Ras^V12^-expressing glands fail to heal leading to pupal lethality. This is in line with the classical proposal that tumors can be regarded as wounds that do not heal ([@b9]).

Conclusions {#s3a}
-----------

Altogether this work provides further evidence that *Drosophila* is a useful model to study the immune response against aberrant cell growth such as Ras^V12^-induced cellular changes, in particular during early stages, which are less amenable in mammalian models. By characterizing both the cellular and the humoral branch, we are able to establish a comprehensive view of this early response against Ras-expressing cells, which appears to involve both genes required during other immune responses as well as genes of hitherto unknown function in immunity. Primarily at the cellular level we find similarities to the encapsulation response, which helps to segregate and inactivate large intruders such as wasp eggs within the insect host and includes melanization ([Fig. 6](#f06){ref-type="fig"}). Melanization is also the ultimate stage of the response described here and earlier stages likely involve some of the induced peptides as well as proteins of unknown function ([Fig. 6](#f06){ref-type="fig"}). Possibly, the earliest phase of the response involves scavenging transformed cells. Studying *Drosophila* larvae bearing mutations in the genes we identified and their effects on the transformed phenotype will provide further mechanistic insight into the response against cell damage and possibly anti-tumor responses in invertebrates with clear implications for vertebrates and identify novel targets to modulate these responses.

![Comparison between the response against transformed tissues and capsule formation.\
At the cellular level the two responses share many similarities including the cell types involved and the kinetics of their recruitment. The encapsulation of transformed tissue is generally less extensive and melanization less frequent. Specifically in the presence of transformed glands, we observe induction of a large set of small peptides, several immune proteins (such as the scavenger receptors) and a large fraction of proteins of unknown function.](bio-03-04-250-f06){#f06}

MATERIALS AND METHODS {#s4}
=====================

*Drosophila* stocks {#s4a}
-------------------

Bx^MS1096^-GAL4, LzGal4,UAS-mCD8::GFP.L, UAS-Ras^V12^, spag^k12101^/CyO,UAS-GFP.nls, santa-maria^1^, and the deficiency lines Df(2L)Exel7031/CyO and Df(2L)ED479, P(3′.RS5+3.3′) ED479/SM6a, which cover the santa-maria locus, were obtained from the Bloomington Stock Center (USA). UAS-grim was obtained from the Vanderbilt University Medical Center, Nashville, Tennessee 37232). The vkg^G00454^-GFP-trap line was obtained from from FlyTrap ([@b39]). The hs-santa-maria strain was a kind gift of Craig Montell ([@b55a]). Generated strains include: Bx-GAL4;Bc^1^, Bx-GAL4;tub GAL80^ts^, Bx-Gal4;santa-maria^1^,Bx-Gal4;;hs-santa-maria, santa-maria^1^;UAS-Ras^V12^, Bx-Gal4;Df(2L)ED479/CyO,GFP and Bx-Gal4;Df(2L)Exel7031/CyO,GFP. All stocks were maintained on a standard potatomash/molasses medium at 25°C.

Staining and imaging {#s4b}
--------------------

The following primary antibodies and dyes were used: mouse monoclonal anti-Hemese (1:5 dilution ([@b26])); mouse monoclonal anti-L2 (1:50 dilution ([@b27])); mouse monoclonal anti-PPO (1:200 dilution, gift from M. Crozatier); mouse monoclonal anti-Mmp1 (1:50 dilution, Developmental Studies Hybridoma Bank, University of Iowa developed by Andrea Page-McCaw); rabbit Cy3-conjugated anti-mouse IgG (1:200 dilution, Jackson Immuno Research); rabbit FITC-conjugated anti-mouse IgG (1:200 dilution, Jackson Immuno Research and Sigma); AlexaFluor 546-conjugated anti-mouse (1:800 dilution, Molecular Probes) DAPI (1:5000 dilution, Sigma--Aldrich), Hoechst 33342 (1:1000 dilution, Immunochemistry); FLICA reagent (1:150 dilution, Immunocytochemistry); AlexaFluor-conjugated Annexin-5 (1:250 dilution, Invitrogen). The samples were mounted in DABCO-glycerol or in Fluoromount-G (SouthernBiotech). Bright field, phase contrast and wide field fluorescence images were taken in a Zeiss Axioplan 2 microscope equipped with a motorized stage and AxioVision™ software package installed (version 4.6.3 including modules for Z-stack recording and extended focus). Confocal images were taken in a Zeiss LSM 510 Meta microscope.

Live-imaging of larvae {#s4c}
----------------------

Larvae were fixed on Scotch tape that was glued onto microscope slides. Live *Bx*\>*GFP* and *Bx*\>*GFP Ras^V12^* larvae were imaged with a 2.5× objective in a Zeiss Axioplan 2 microscope and an AxioCam HRm camera.

Detection of hemocytes and MMP1 on tissue {#s4d}
-----------------------------------------

Salivary glands and wing discs were dissected in a depression slide with larvae immersed in PBS. Tissues were fixed in 3.7% formaldehyde 1 h at RT or overnight at 4°C, washed three times 10 min in PBS and blocked in PBS, pH 7.5 containing 1% w/v BSA for 1 h. This step was followed by incubation with primary antibody (diluted in PBS, pH 7.5 containing 1% w/v BSA) at 4°C, overnight. Secondary antibody (diluted in PBS, pH 7.5 containing 1% w/v BSA) was added for 1 h. Nuclei were stained with Hoechst 33342 or DAPI. Following three times 10 min washing samples were mounted in DABCO-glycerol or in Fluoromount-G (SouthernBiotech).

Determination of tissue size {#s4e}
----------------------------

Bright field images of whole glands mounted with a coverslip were taken in a Zeiss Axioplan 2 microscope using a Neofluar 2.5× objective and an AxioCam HRm camera. The total area per gland was measured in pixels by masking each gland using the "freehand tool" in Image J (<http://rsbweb.nih.gov/ij>). The average gland size per sample was determined by measuring at least 13 salivary glands.

Quantification of hemocyte adherence on wing discs and salivary glands {#s4f}
----------------------------------------------------------------------

Hemocytes and nuclei were labeled and mounted as described above. Images of whole glands were generated by recording image stacks of 1.8 µm and extended-focus images were calculated (wavelets method, no alignment). Hemocytes on glands were marked and their cumulative area measured in square pixels by ImageJ. The mean of the surfaces covered by hemocytes of all glands measured was divided by the average gland size. Since hemocyte numbers in *Drosophila* larvae are not normally distributed but follow a log-normal distribution ([@b47]), all area values were log-transformed. These values were plotted and standard deviation was calculated based on these values. At least 11 salivary glands were analyzed per group.

FLICA method {#s4g}
------------

Salivary glands were washed in PBS once. FLICA™ reagent (SR-FLICA, Poly-Caspase Kit, cat. no. 916, *Immunochemistry*, *pan-caspase assay*) was diluted 1:150 in PBS and added to the samples and incubated for 60 min at room temperature to allow for reagent binding to active caspases. Samples were washed in 1× washing buffer, and fixed with a formaldehyde-based fixative. Both washing buffer and fixative were supplied with the kit. Hoechst 33342 was used to stain nuclei. Annexin V method: Annexin V binding buffer from the ApoAlert^Tm^ kit was used (Clontech) in conjunction with Alexa Fluor conjugated Annexin V (Invitrogen). Salivary glands were incubated in Annexin V binding buffer solution (2.5 µL Annexin V/100 µL binding buffer) for 15 min at room temperature and protected from light. Salivary glands were washed in binding buffer and fixed in 2% formaldehyde, then washed two times. Nuclei/DNA was stained with Hoechst 33342, samples were washed and mounted in Fluoromount-G (SouthernBiotech).

Hemocyte counts {#s4h}
---------------

Wandering stage third instar larvae were collected as described above washed with fresh water and then they were bled into 20 µl PBS by ripping the cuticle with forceps. The solution was transferred to a counting chamber (FastRead 102 counting slides; Immune Systems Ltd.) and hemocytes were counted in all grids with a phase-contrast microscope. The number of lamellocytes was recorded during all hemocyte countings using a phase-contrast microscope; all cells that had elongated and large-flattened morphology were considered as lamellocytes. The hemocyte numbers were calculated based on to the manufacturer\'s instructions, taking into account that on average 0.3 µl of hemolymph is retrieved from one larva. To reduce the variance, the hemocyte counts were log-transformed for statistical analysis ([@b47]; [Fig. 6](#f06){ref-type="fig"}). ANOVA was performed on the log-transformed data (Sigmaplot 12). Additionally a Kruskal-Wallis One Way Analysis of Variance on Rank test was done with the raw hemocyte numbers to confirm the results (Sigmaplot 12).

RNA extraction, RNA sequencing and bioinformatics analysis {#s4i}
----------------------------------------------------------

Fat body tissues, excluding gonads, were collected in triplicates immediately after dissection in ice chilled TRIzol® Reagent (Invitrogen, cat. no. 10296-028). After collecting fat body from 40 individuals for each replicate, samples were vortexed and stored at −80°C. After thawing the total RNA was prepared according to the instructor\'s manual for TRIzol® Reagent and further purified with the help of the Qiagen RNeasy Mini Kit (cat. no. 74104). Qiagen DNase for DNA degradation and subsequent purification was applied. cDNA was prepared employing the SuperScript III Reverse Transcriptase (Invitrogen, cat. no. 18080-044). Quality was assessed using the Experion RNA StdSens Analysis kit (BioRad).

Sequencing {#s4j}
----------

The clustering was performed on a cBot cluster generation system using a HiSeq paired-end read cluster generation kit according to the manufacturer\'s instructions. The samples were sequenced on an Illumina HiSeq 2000 as paired end reads to 100 bp. All lanes were spiked with 1% phiX control library. The sequencing runs were performed according to the manufacturer\'s instructions.

Bioinformatics analysis {#s4k}
-----------------------

Base conversion was done using Illuminas OLB v1.9. Mapping of the raw reads obtained from the Illumina HiSeq 2000 sequencing system was performed by Tophat v1.0.14 ([@b50]). Bam files were generated where reads were mapped to the chromosome and duplicates were removed. To obtain quantification scores for all *Drosophila* genes, FPKM (fragments per kilobase of exon model per million mapped reads) values were calculated using Cufflinks v0.0.5 ([@b51]). Ensembl build *EMBL Drosophila_melanogaster.BDGP5.25.64.gtf* was used as a reference genome. Differential gene expression analysis was performed using Cufflinks, Cuffcompare and Cuffdiff ([@b51]), setting the false discovery rate threshold for significance at q = 0.05, the minimum alignment count to 10 and including quartile normalization (<http://rsbweb.nih.gov/ij>). The fold change in gene expression was calculated by dividing the FPKM values. This value was used to sort and separate up-regulated from down-regulated genes. Lists of significantly up-regulated genes were subjected to Modular Enrichment Analysis via David. The sequencing data (fastq files), the gene expression pattern of all samples (output file of Cufflinks "gene expression" converted to Excel) and the results (output file of Cuffcompare "gene differential expression testing" converted to Excel) are uploaded to the NCBI, GEO under the accession number GSE4148.

Real time qPCR {#s4l}
--------------

RNA extraction, purification, cDNA synthesis and assessment were carried out as described above for 12 larvae per time frame and genotype. Real time qPCR was performed, comprising KAPA PROBE FAST Universal qPCR Master mix and the TaqMan Gene Expression Assays for the indicated genes, namely PGRP-SB1 (Dm01805870_g1), or customized probes and the corresponding primers for CecA1 and Drs on a Rotor-Gene Q (Qiagen). All samples were analyzed in triplicates and normalized to the expression of RpL32 as an internal control. Microsoft Excel served to analyze the obtained data.

Survival rate {#s4m}
-------------

For survival rate assays, pupae and eclosing flies were counted and the ratios relative to the total number of individuals determined.

Heat shock treatment {#s4n}
--------------------

Eggs were collected on plates during 6 h and hatching larvae carefully transferred to new vials to avoid larval crowding. Heat-shocks were applied according to Gong and Golic at 72 h and 96 h after egg deposition ([@b14]). Incubation of vials for 60 min in a 37°C water bath was preceded by administering 35°C for 30 min in a separate bath to minimize heat induced mortality. Control larvae were incubated at 29°C like the experimental samples before and after heat treatment.

SMURF-assay {#s4o}
-----------

Eggs of the appropriate genotypes were collected for 6 h at 25°C and raised at 29°C on standard potatomash/molasses medium, while carefully avoiding larval crowding. Exactly 96 h after egg deposition larvae were transferred to standard medium supplemented with Brilliant blue FCF (25 mg·ml^−1^) ([@b42]) (Erioglaucine disodium salt, 861146, Sigma--Aldrich, Co.). After 1, 3 or 24 h at 29°C on this blue medium, the individual larvae were washed thoroughly in water and 75% ethanol to remove any dye on the cuticular surface. All specimens were anaesthetized for maximally 3 min in special cages with diethylether before taking pictures of the whole organism with a Leica MZ FLIII equipped with a LumixG2. LzGal4,UAS-mCD8::GFP-larvae were used because of their strong GFP-expression in salivary glands, which facilitates detection of injuries. Glands were fragmented by in situ, non-invasive wounding (squeeze wounds) without opening the cuticle right before transferring to Brilliant blue FCF-supplemented medium.

Raising larvae on antibiotics {#s4p}
-----------------------------

Eggs collected during 6 h time slots were incubated for 24 h at 25°C and hatched larvae transferred to antibiotics medium, while carefully avoiding larval crowding. Antibiotics added comprise Neomycin (50 mg·ml^−1^), Vancomycin (50 mg·ml^−1^), Carbenicillin (50 mg·ml^−1^) and Metronidazole (8.38 mg·ml^−1^) ([@b43]). To check Drosomycin expression, larvae were incubated for another 48 h at 29°C and treated as mentioned above. For the plating assay, larvae were raised for an additional 72 h at 29°C. At this time larvae were washed by several times mild vortexing in 75% ethanol to remove bacteria and fungi attached to the cuticle. Individual larvae were subsequently homogenized in 100 µl PBS and the homogenate plated under sterile conditions. After formation of bacterial colonies cfu-counts were analyzed with ImageJ. Unpaired Students T-tests with equal variance were performed for comparison between the different samples. Additional batches of 72 h antibiotics treated larvae (29°C) were shock frozen in liquid nitrogen. Genomic DNA of these samples was extracted with Phenol-chloroform-isoamyl alcohol \[77617, Sigma--Aldrich, Co.\] and used for PCR in combination with 16S-universal bacterial primers, namely 16S-27F and 16S-1391R. Primers for *Drosophila* RpL32 were used as a positive control. To analyse adult flies and eclosing rates after antibiotics treatment larvae were incubated for another 144 h. Wings, pupal cases and pupae of these specimens were mounted afterwards. Pictures were taken with a Leica MZ 9~5~ equipped with a LumixG2.
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